The deposition of platinum from precursors dissolved in the ionic liquid 1-methyl-1-octylpyrrolidinium bis(trifluoromethylsulfonyl) imide (OMP-TFSI) was the main scope of this study. Boron doped diamond (BDD) and Au electrodes on quartz resonators were used as the substrates. A typical Pt deposition on BDD and Au was accomplished by applying short electrical pulses followed by relaxation phases for different duration in order to find optimal deposition conditions. In order to prove whether Pt was deposited on the electrode, samples were cycled in 0.1 M H2SO4 after deposition. In addition to electrochemical parameters, in the experiments on Au, the electrochemical quartz crystal microbalance permitted to monitor directly changes in the resonance frequency and damping associated with the Pt ion reduction processes.
Introduction
Both battery and fuel cell electric vehicles are important building blocks for the transition to sustainable transportation (1) . Fuel cell vehicles have not yet reached a wide market penetration due to high cost and limited refueling infrastructure. One important factor is the sluggish kinetics of the oxygen reduction reaction (ORR) at the cathode side causing a high overpotential. Therefore, in order to improve the energy efficiency and to deliver the electric power needed, a high amount of Pt catalyst is required, becoming a major cost factor (1) (2) (3) (4) (5) (6) . There are several approaches to battle the large amount of Pt catalyst: to enhance the utilization of Pt by different nanostructuring approaches (7) , to nano-engineer shape-selected nanoparticles in order to generate particularly active surface sites (8) , to take advantage of catalyst-support interactions (9, 10) , to develop entirely Pt-free catalysts and especially to use highly active Pt alloys (11) (12) (13) (14) (15) (16) (17) . Alloying can alter the interaction with the ORR intermediates and in turn enhance the overall reaction rate, mainly due to ligand and strain effects (18) (19) (20) (21) (22) (23) . The design of an actual catalyst layer for a proton exchange membrane fuel cell is an art in itself. These layers must enable operation over a wide range of current densities of up to 2 A cm −2 or more with minimum degradation. In particular, both catalyst and support must be chemically and structurally stable. The catalysts need a high intrinsic activity, which is normally assessed at 0.9 V cell voltage, but the catalyst layer also needs to provide excellent mass transport properties to supply large currents. Alloys between Pt and rare earth metals attracted a lot of attention because they combine both a high activity at 0.9 V and excellent stability during cycling (18, 21, (24) (25) (26) (27) (28) (29) (30) (31) (32) .
The development of inexpensive fuel cells requires preparation of catalysts by scalable and inexpensive methods. For normal Pt-transition metal alloys, this can be accomplished by chemical methods like the solvothermal reduction method (33, 34) . However, the rare earth elements are extremely sensitive towards air and moisture and their standard potentials are very low. This makes bottom-up synthesis of alloy nanoparticles based on rare earth metals difficult and almost not possible from aqueous solutions. Recently, though, a top-down approach working in aqueous electrolyte has been reported (35) .
Electrodeposition is an effective pathway for the preparation of Pt nanoparticles. By choosing suitable electrolysis conditions one can control the morphology and the size of the particles. Electrodeposition of pure Pt can be accomplished in aqueous solutions (36) (37) (38) . However, aiming at Pt alloys with very reactive alloying elements like the rare earth elements requires a non-aqueous approach. Especially suitable are ionic liquids (ILs). Several studies reported the electrodeposition of rare earth metals from ILs (39) (40) (41) (42) . The main advantages of ILs are a wide electrochemical window, low flammability, a nearly non-existing vapor pressure, and often low toxicity (43) . However, electrochemistry in ionic liquids is very different from aqueous electrochemistry (43) . It is known that the IL/solid interface shows a very complex multilayer structure that can hinder metal cations from approaching the electrode surface (44) (45) (46) (47) and prevent the deposition of metals even at potentials where the process should take place (44) . One of the approaches to disturb these layers and facilitate the deposition is the use of additives or the presence of impurities (48) .
The electrodeposition of Pt using standard Pt precursors from several ILs has been reported (6, 49-52). He et al. deposited Pt from two imidazolium-based ionic liquids, 1-butyl-3-methylimidazolium tetrafluoroborate (BMIM-BF4) and hexafluorophosphate (BMIM-PF6) (49) . The morphology of the obtained deposits was different compared to deposits from aqueous solutions. At electrodeposition potentials of −1.5 V vs Ag/AgCl, in both ILs fairly uniform and dense shiny deposits were obtained on a glassy carbon electrode from hexachloroplatinic acid hydrate H2PtCl6x6H2O (18 mM), with nanoparticles (NPs) of less than 100 nm in diameter. In 2010, the deposition of Pt was reported from 50 mM PtCl2 in the two ionic liquids 1-butyl-1-methylpyrrolidinium dicyanamide (BMP-DCA) and bis(trifluoromethylsulfonyl)imide (BMP-TFSI) and mixtures thereof (51) . No coupled oxidation wave was detected in the recorded CV indicating that the deposited Pt could not be reoxidized from the electrode surface. In the same year, Yu and co-authors obtained Pt nanoparticles from 20 mM H2PtCl6 in BMIM-PF6 (52) . NPs with a size of 3.5 -4 nm were electrochemically synthesized when rather low overpotentials were applied (−1.8 V vs Ag/AgCl), indicated by a change in the electrolyte color and proved by XPS. At higher applied overpotentials (−2.8 V vs Ag/AgCl) Pt NPs with a uniform size of about 100 nm were deposited on an ITO substrate and no color change was detected in the IL. D. Zhang and co-authors deposited Pt from 70 mM K2PtCl6 in N,N-diethyl-N-methyl-N-(2methoxyethyl)ammonium tetrafluoroborate (DEME-BF4) and found a dependence of the deposition mechanism on the applied potential (50) . At larger overpotentials the Pt deposition takes place via the four electron reduction of [PtCl6] 2− and at lower overpotentials via a disproportionation reaction of [PtCl4] 2− . The overpotential also strongly influenced the morphology of the obtained deposits. At both applied potentials small particles 1 -2 nm in size formed initially which then grew further. At lower overpotentials, this resulted in uniform particles of about 10 -50 nm covering compactly the electrode surface. At higher overpotentials, two groups of larger particles were formed, 50 -100 and 100 -200 nm in size, irregularly covering the glassy carbon surface.
Recently, we successfully electrodeposited gadolinium from the IL BMIM DCA, but several attempts to synthesize Pt from the same IL failed (53) . Therefore, we decided to take a step back and systematically study the electrodeposition of Pt from the IL 1-methyl-1-octylpyrrolidinium TFSI (OMP-TFSI), and then gradually do the transfer to an electrolyte system from which also Gd can be deposited by using mixed electrolytes. In previous work, we had demonstrated deposition of Pt from a H2PtCl6 precursor dissolved in OMP-TFSI on highly oriented pyrolithic graphite (HOPG) at room temperature (6) . In the current work, we employed boron doped diamond (BDD) and Au electrodes on quartz resonators for the electrochemical quartz crystal microbalance technique (EQCM) as substrates, and increased the working temperature to 60 °C.
Experimental
All glass and Teflon ware in this study was cleaned prior to use first in alkaline cleaning baths and then in Caro's acid, followed by boiling in ultrapure water (Milli-Q Integral 3). All experiments were carried out in three-electrode setups containing a working (WE), a counter (CE) and a reference electrode (RE). As WE boron doped diamond substrates (BDD on Silicon, NeoCoat, 14x14 mm) or one of the gold electrodes of quartz resonators (KVG, Quarztechnik Daun) were used. The BDD substrates were cleaned and activated prior to use by cycling in 0.1 M H2SO4 (prepared from concentrated sulfuric acid (96%) dissolved in ultrapure water) in a large three electrode glass cell equipped with glass tubes for Ar purging. The cleaning procedure comprised 100 cycles between −1.2 and 1.5 V vs. a Hg/Hg2SO4 reference electrode (Eref = 660 mV vs. Standard Hydrogen Electrode) at 100 mV s −1 in 0.1 M H2SO4. Cathodic activation was achieved by carrying out 200 cycles in the potential range of −1.5 to 0 V vs Hg/Hg2SO4. For EQCM, one of the gold electrodes of 10 MHz quartz resonators (KVG GmbH, 10 MHz AT cut, 14 mm diameter, keyhole-shaped optically polished Au electrodes on Cr adhesion layer on each side) served as a working electrode and the other one was electrically isolated from the solution by Simriz-O-Rings (Freudenberg). Pt wires (99.99%, MaTeck GmbH, cleaned by annealing in a propene gas flame) were employed as counter and quasi-reference electrodes. All deposition experiments were carried out in an Argon filled glovebox (MBraun UNIlab plus eco). Electrolytes used were either 50 mM Chloroplatinic acid hexahydrate (H2PtCl6x6H2O, 99.995 %, Sigma Aldrich) or Platinum tetrachloride (PtCl4, 99,99+ %, Alfa Aesar), dissolved in OMP-TFSI (99%, iolitec). The IL was dried prior to use by heating it to 100 °C under vacuum under constant stirring with a magnetic stirring bar. A small volume of about 0.7 ml of electrolyte was filled into a custom-made Teflon cell embedded in a steel jacket permitting temperature control. This was achieved by connecting a Julabo 600F thermostat placed outside the glovebox filled with Julabo Thermal H10 silicon oil via tubing and a feedthrough. The electrochemical measurements were controlled by a Solartron SI1287 electrochemical interface using home-made software. An Agilent E5100A network analyzer (NA) was used for the measurements of the electrical admittance spectra of the quartz resonators in the vicinity of their resonance frequency, in parallel to the electrochemical measurements. The resonance frequency of the quartz fR and its damping w were determined by fitting the real part of the admittance spectra to a Lorentz function. The deposition of a layer on the Au electrode causes the resonance frequency to decrease. From the resulting changes ΔfR, the mass of the layer can be determined via the Sauerbrey equation (54), provided that it is a smooth layer rigidly attached to the surface, and no changes in the viscous properties of the electrolyte close to the surface occur. This is typically the case when the absolute change in fR is much larger than the one in w (55). The electrochemical deposition of Pt was studied by cyclic voltammetry (CV) in different potential ranges. The deposition of a larger quantity of Pt was then targeted by the application of pulsed electrodeposition (PED). The deposition potentials were chosen according to the cathodic peak positions, and the OFF potentials from the anodic sweep of the CVs. The pulse lengths were varied to find optimal deposition parameters. After the deposition, the samples were rinsed with isopropanol and water in order to remove the electrolyte and residues of the precursors. The samples were then transferred to the large glass cell outside the glove box. In order to prove the presence of Pt particles on the electrode, the samples were therein cycled in 0.1 M H2SO4 at a scan rate of 100 mV s −1 under Argon for obtaining the characteristic Pt voltammograms. In addition, estimates of the electrochemically active surface area (ECSA) were determined similar to the procedure in Ref. (56), even though the lower cutoff potential was in most experiments not low enough to permit truly quantitative determination of the Pt surface area.
Results

Electrochemical Deposition of Pt on Boron Doped Diamond
Deposition from Hexachloroplatinic Acid. In our previous studies, Pt had been deposited from a solution of H2PtCl6 in OMP-TFSI. This precursor is not suitable for the deposition of a Pt-Gd alloy, as it does contain crystal water. However, it serves as a base of comparison for deposition using other Pt precursors, especially PtCl4. Typical voltammograms are shown in Figure 1 . They show two cathodic peaks, one at potentials between −0.75 and −0.85 V, and another one around −1.7 V. In the anodic sweep, one anodic peak around −0.95 to −0.9 V can be seen, and there are indications for a shoulder at a somewhat lower potential, and two further anodic processes at more positive potentials (−0.45 V and close to the upper potential limit). Below −2.9 V, the ionic liquid starts to decompose, and the electrolyte becomes black. The occurrence of two cathodic peaks has been mentioned in literature, and was identified as a two-step reduction process of the Pt precursor (50) . Therefore, a pulsed electrodeposition experiment was carried out using −1.8 V as the deposition potential UON, for tON = 1 s each, and 0 V as the OFF potential UOFF, for tOFF = 4 s each (cf. Figure 2a) . The total experiment lasted 30 min. In this particular example, the negative current density first decreased with time, but then increased successively from pulse to pulse. The total charge was negative. Afterwards, the sample was characterized by CV in sulfuric acid electrolyte (Figure 2b) . Clearly, the characteristic features of a Pt CV were obtained. Deposition from PtCl4. Voltammograms obtained in the much less water containing 50 mM PtCl4 in OMP-TFSI electrolyte are shown in Figure 3a . They show similarities to the behavior seen in H2PtCl6 based electrolyte. However, the cathodic peak around −0.75 V seems to be missing: In the first cycle there is still an increasingly negative current similar to a shoulder in this potential region, while in the second cycle this shoulder is absent as well. Similar to the experiments in H2PtCl6 based electrolytes, PED experiments were carried out. A typical PED is shown in Figure 3b . Except for short times, the general behavior is qualitatively similar to the one shown in Figure 2a . Both in CV and PED, the obtained current densities are smaller compared to the H2PtCl6 based electrolyte. The influence of PED parameters on the Pt deposition was studied by a small experimental series in which for each experiment a fresh BDD sample was used. For all samples (CV + PED or PED alone), the presence of Pt was proven by voltammetry in aqueous sulfuric acid electrolyte. Tables I and II summarize the findings for the ECSA determination for both H2PtCl6 and PtCl4 based electrolytes. As shown in Table II , there is a rough correlation between the cathodic charges during PED and the obtained Pt coverage. The exception is experiment No. 5, where only very little Pt was found. This experiment showed also during PED a continuous decrease in the cathodic current densities with time, different to the curves shown in Figures 2a and 3b .
Electrochemical Quartz Crystal Microbalance Studies on Pt Deposition
Investigations with the electrochemical quartz microbalance (EQCM) complemented the studies on BDD. EQCM provides additional information about the processes at the electrode surface; especially it permits to draw conclusions of the correlation between electrochemical currents and the occurrence of an actual deposition process. The electrode material on the quartz resonators is gold (Au).
Deposition from Hexachloroplatinic Acid. At room temperature (results not shown), the voltammogram of a 50 mM H2PtCl6 in OMP-TFSI solution is qualitatively similar to those seen at BDD. In the first cycle, there are again two cathodic peaks at −0.63 V and −1.28 V and one anodic one at −0.737 V. The cathodic current density was −9.09•10 −5 A cm −2 for the first and −1.27 •10 −4 A cm −2 for the second cathodic peak, while the anodic peak current was only 5.9 • 10 −6 A cm −2 . From the second cycle on, the cathodic peak at more positive potentials disappeared, and the cathodic and anodic peak currents increased in magnitude compared to the first cycle. Both fR and w changed as function of potential, but the overall Δw was more than twice as large compared to ΔfR. Therefore, the Sauerbrey equation was not applicable. Calculation of the derivatives of ΔfR showed that the electrochemical peak structure is reflected in the EQCM response (cf. results at 60°C below). The general shape of the voltammograms at 60°C (cf. Fig. 4a ) is similar to those measured at room temperature, but the currents are much larger and the cathodic peak at −0.69 V does not disappear in later cycles. Both resonance frequency and damping change during the cycle (Fig. 4b) , but the ratio between Δw and ΔfR is at least for more positive potentials smaller compared to the measurements at room temperature. Both Δw and ΔfR do not reach the original values once a cycle is completed, indicating an irreversible change at the electrode surface. In a typical metal electrodeposition experiment with 100% current efficiency, the recorded frequency change should scale with the mass of deposited metal according to the Sauerbrey equation, and via Faraday's law with the total electrochemical charge. The derivative of the frequency with respect to time then should correlate with the electrochemical current. The general correlation between measured currents and dΔfRdt −1 is demonstrated in Figure 5a . Similar to the measurements on BDD, a PED experiment was carried out as well. Based on the EQCM CV data (cf. discussion section), in this case UON was selected in the potential region of the first cathodic peak. The corresponding current, ΔfR and Δw data are shown in Figure 5b . ΔfR becomes more negative with time, while Δw increases. The total change in Δw is smaller than the one in ΔfR. The presence of Pt on the surface after the end of the experiments was once more proved by the electrochemical cycling in aqueous 0.1 M H2SO4. The ECSA value was 5.9 cm 2 .
-2.0 -1. Deposition from PtCl4. The results using PtCl4 were not so much different from those with H2PtCl6 even though the currents were smaller by a factor of two. The first cathodic peak appeared in the first voltammetric cycle, but significantly decreased in subsequent cycles. For PED, the deposition potential was selected as −1.2 V, while all other parameters remained the same as for the H2PtCl6 based electrolyte. Apart from the first 50 s, the resulting currents were very small, below 10 µA cm −2 , and did not show significant changes between ON and OFF phase. The ECSA value was 1.28 cm 2 .
Discussion
The electrodeposition of Pt from hexachloroplatinic acid reported by us in earlier work (6) for highly oriented pyrolithic graphite (HOPG) as a substrate was reproduced in this work both on BDD and Au substrates. The formation of metallic Pt was unequivocally proven by characterization of the obtained samples in aqueous sulfuric acid. Voltammograms clearly showing the characteristic features of a platinum electrode (57) were obtained.
The general shape of the deposition voltammograms was close to the earlier measurements on HOPG, at least in the cathodic cycle, revealing two cathodic peaks, separated by roughly 1 V. In the literature (50), in DEME-BF4 a similar two-step reduction wave was explained by a reduction mechanism involving first the reduction of Pt(IV) to Pt(II), and subsequently to Pt(0). The anodic curve shown in that paper looked however different from our data. During repeated cycling, the first reduction peak in our study often tends to disappear. This may be due to the formation of some passive layer on the surface, and be related to catalytic decomposition of the TFSI ion at lower potentials (58).
Qualitatively similar behavior was also obtained from the PtCl4 precursor that does not contain hydrate water and can be dried at higher temperatures than H2PtCl6. The peak potentials were similar, but the peak currents were smaller. Often, the first cathodic peak was obtained only in the first cycle or hardly visible at all. For the preparation of larger amounts of Pt at low Pt precursor concentrations we decided to carry out pulsed electrodeposition. The ON and OFF potentials (Table I) were chosen under the assumption that the lower peak potential represents the actual Pt formation. The correlation between the charges flown and the estimated ECSA values (Table II) showed that maximizing the cathodic current densities is a suitable strategy for optimization of the procedure. 0 V as the upper cut-off voltage seems to work. The value for tOFF must be chosen larger than tON, as otherwise, the precursor concentration close to the surface will deplete with total deposition time. In these studies, we aimed for large quantities of Pt in order to study the general deposition behavior and to facilitate detection of the Pt. Thus we aimed for Pt coatings on the substrate. Other deposition protocols are required for the preparation of catalytic nanoparticles of defined size and number density on a substrate. This can be done similar to the observations in aqueous electrolytes, using potentiostatic double pulse deposition techniques (37) .
The EQCM experiments were carried out to shed further light on the processes associated with the two reduction peaks seen during the voltammograms. In a typical EQCM experiment, the total resonance frequency shift is the sum of several contributions: Apart from the actual mass increase of the electrode due to the formation of a deposit, these can be contributions from a change in the viscoelastic / viscous properties at the surface and from surface roughness. Experiments at room temperature were difficult to interpret as the damping changes Δw were so large, that no more conclusion can be drawn on the gravimetric contribution to ΔfR. At 60°C, Δw still was large, but less than twice the change in resonance frequency (Figure 4b ). Therefore, analysis is possible. One property that changes with temperature is the electrolyte viscosity. Therefore, also effects caused by viscosity changes close to the electrode can be expected to be lower at more elevated temperatures, resulting in a reduced damping increase. Both cathodic peaks and the first anodic shoulder (not the anodic peak) shown in Figure 5a have corresponding peaks in the dΔfR dt −1 plot. The peak potentials for the dΔfR dt −1 peak couple at lower potentials are only separated by 100 mV. In addition, anodic and cathodic peak heights (measured with respect to the slightly negative base line) are basically the same. This points to a rather reversible electrochemical redox process. If this redox process was due to the Pt(II)/Pt(0) redox couple, then one would not expect to find any metallic Pt on the surface after the end of the experiments. Also, there is the question of speciation: if Pt metal is reduced from [PtCl4] Faradays law permits to correlate the mass changes on the electrode with the electric charge measured in the experiment, as -at 100% efficiency for a single step reaction -the ratio of areal mass change Δm and charge density Δq should be equal to M/zF, where M is the molar mass of the deposited species, z the number of electrons transferred and F Faradays constant. For direct Pt deposition from Pt(IV), one would expect a ratio Δm/ Δq = 5.055•10 −4 g C −1 . For Pt deposition from Pt(II), 0.00101 g C −1 would be expected instead. For reduction of PtCl4 to PtCl2, which is not that well soluble in OMP-TFSI and thus could precipitate on the electrode, 0.00138 g C −1 is expected. Figure 6 shows a mass-charge plot calculated via the Sauerbrey equation from the ΔfR data. Due to the strong damping changes, the numbers for the mass change in this plot are larger than the true ones, therefore one will overestimate Δm/Δq. The thick line is Δm while the dashed line represents the electrode potentials. The numbers shown for the first cycle identify the different regions in the CV from Figure 5 : "1" corresponds to the potential region from 0 to −1 V where the first reduction peak prevails, "2r" from −1.1 to −1.5 V, which corresponds to the right half of the large reduction peak, "2l" from −1.5 V to the lower potential limit, and 3 to the anodic sweep between −2 V and −1.5 V. Figure 6 . Mass-charge plot for the EQCM data shown in Figure 5 . The thick solid line shows the mass calculated without correction from Sauerbrey's equation. The red dashed line provides the corresponding potential. For regions in the first voltammetric cycle are marked, corresponding to the first cathodic peak ("1"), the right half of the second cathodic peak ("2r"), the left half of that peak ("2l"), and the initial region of the anodic sweep ("3").
Using this plot, linear regressions were carried out to determine Δm/Δq in the different regions of the voltammograms. The results are given in Table III . In addition, a corrected ΔfR was determined by adding half of the damping change to the value of the resonance frequency. The reason for this attempt of a correction is that sometimes there is a strong correlation between the damping and the resonance frequency changes for non-gravimetric contributions with Δw = 2 • ΔfR. Examples are the change of the admittance curve upon immersion of a quartz in liquid (Gordon-Kanazawa-Mason equation (59)) or some equations concerning the influence of electrode roughness (60) . In the current work, the reduced damping at higher temperatures is indicative of a viscosity effect.
The results in Table III actually show that values consistent with Pt deposition are only obtained for the first reduction peak. The mass changes associated with the second reduction peak are very small, especially after correction for the damping change. Therefore, the observed changes in the resonance frequency in the region of the second cathodic peak are probably mainly related to a change in viscosity close to the surface, and not to Pt deposition -which still can occur as a side reaction with low current efficiency. Similar results were obtained from the data analysis when using PtCl4. Also for the PED experiment shown in Figure 5b at a deposition potential of −0.7 V was consistent with Pt metal deposition. However, the sampling rate in this experiment was rather low so that the charge obtained by integration of the current density has a larger uncertainty. Not all aspects are currently understood: The irreversible contributions to both ΔfR and Δw are mainly associated with reactions taking place at potentials between 0 V and -1V. Some of these might be related to surface roughening due to Pt deposition. However, while ΔfR becomes constant during the anodic sweeps when approaching the upper potential limit, Δw shows an irreversible increase there as well. The cause of that behavior is unclear. In addition, it is not clear which electrochemical reaction is connected to the nearly reversible redox process at lower potentials, what the mechanism behind the disappearance of the reduction peak at ~ −0.7 V especially for PtCl4 precursors is, and what the consequences for further Pt deposition are.
Conclusions
Metallic platinum has been successfully deposited both from solutions of H2PtCl6 and PtCl4 in OMP-TFSI. The voltammograms show two reduction peaks. The one at higher potentials often disappears in later cycles due to a passivation process. However, EQCM data indicate that this peak corresponds to actual Pt deposition. The electrochemical reduction process at lower potentials seems to lead to a reversible viscosity increase in front of the electrode. The actual electrode reaction associated with this process is not yet known. The actual co-deposition of Pt and Gd can be based on PtCl4 as the precursor. However, an ionic liquid suitable to deposit both metals needs to be identified. A mixture of e.g. OMP TFSI (where Pt works) and BMP DCA from which Gd can be deposited, might provide a solution.
